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ABSTRACT

We report, for the first time, the synthesis of the high-quality p-type ZnO NWSs using a simple chemical vapor deposition method, where
phosphorus pentoxide has been used as the dopant source. Single-crystal phosphorus doped ZnO NWs have their growth axis along the
[001[direction and form perfect vertical arrays on  a-sapphire. P-type doping was confirmed by photoluminescence measurements at various
temperatures and by studying the electrical transport in single NWs field-effect transistors. Comparisons of the low-temperature PL of
unintentionally doped ZnO (n-type), as-grown phosphorus-doped ZnO, and annealed phosphorus-doped ZnO NWs show clear differences
related to the presence of intragap donor and acceptor states. The electrical transport measurements of phosphorus-doped NW FETSs indicate

a transition from n-type to p-type conduction upon annealing at high temperature, in good agreement with the PL results. The synthesis of
p-type ZnO NWs enables novel complementary ZnO NW devices and opens up enormous opportunities for nanoscale electronics, optoelectronics,

and medicines.

Zinc oxide (ZnO) is a wide direct band gap semiconductor

synthesis of the high-quality p-type ZnO NWs using a simple

(Eq = 3.4 eV) that displays unique features such as large chemical vapor deposition (CVD) method using phosphorus

exciton binding energyH, = 60 meV} and large piezo-
electric and ferromagnetic coefficients with a predicted Curie

pentoxide (RPOs) as the dopant source. P-type doping was
confirmed by photoluminescence (PL) measurements at

temperature above room temperature when doped withvarious temperatures and by studying the electrical transport

transition metald? The availability of a rich genre of
nanostructureés® make ZnO an ideal material for nanoscale
optoelectronicg, electronics® and biotechnology? Func-
tional devices such as vertical nanowire (NW) FETs,
piezoelectric nanogeneratdfs? optically pumped nanola-
sers/ 2 and biosensot8 have already been demonstrated.
However, similar to other wide band gap semiconductors
such as GaN¢? unintentionally doped ZnO is intrinsically
n-type and obtaining p-type dopitichas proven extremely
difficult. Although p-type conduction in ZnO thin film has
been reported, it still remains controversidfand no report

of p-type ZnO NWs has appeared §ét.” Complementary
doping (both n-type and p-type doping) is essential for
functional device applications, and the lack of p-type ZnO
NWs is currently the major factor precluding the realization
of a wide range of functional nanodevices based on ZnO.
Herein we report the first demonstration and rational
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in single NWs field-effect transistors (FETS). The synthesis
of p-type ZnO NWs enables novel complementary ZnO NW
devices and circuit$,UV-LEDs, and electrically driven
nanolaser&? multiplexing biosensor¥, etc., and opens up
enormous opportunities for nanoscale electronics, optoelec-
tronics, and medicines.

The ZnO:P NWs are grown using a simple tube furnace
CVD method through chemical vapor deposition, with an
O,/N, mixture as the carrier g&$A mixture of ZnO powder
(99.999% from Cerac), Zn powder, graphite powder (mesh
size of 200 from Alfa Aesar) with a molar ratio of 1:1
ZnO/C, and FOs powder was used as the source. The source
was loaded in an AD; boat, which was set at the center of
the tube furnace (Lindberg-Bluep-plane sapphire was
cleaned using a standard wafer cleaning procedure and set
to a fixed distance (4.75 in.) downstream from the source
boat. A mixture of nitrogen and oxygen (3 sccm) with a total
flow rate of 200 sccm was used as a carrier gas. The growth
was performed at 94%C for 30 min. The growth procedure
for unintentionally doped ZnO NWs was similar to that of
ZnO:P NWs, but a mixture of ZnO and graphite powder only
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Figure 1. Structural and morphological characterization of the ZnO:P NWs. (a) Low-magnification SEM image of the well-oriented ZnO:P
NW arrays. Scale bar is@2m. (b) High-magnification SEM image of the ZnO:P NW arrays, showing that the NWs have uniform diameters
(~55 nm) and very smooth surfaces. Scale bar is 200 nm. (c) HRTEM image of ZnO:P NWs showing high-quality single crystal with
extremely clean and smooth surface; note the absence of any amorphous layer coating on the surface. The electron diffraction pattern is
shown in the inset, from which no second phase or cluster could be detected. The growth direction iBGlddgection as indexed in

the images. (d) XRD spectrum of the ZnO:P NWs treated by RTA. The typical X-ray diffraction pattern of ZnO NW arrays is observed,
with no peaks associated to second phases or clusters.

(molar ratio 1:1) and nitrogen only (200 sccm) were used as tapering of the NWs (for example, see the SEM images of

the source and carrier gases, respectively. tapered NWs grown with 30% of,Bs in weight in Figure
The phosphorus-doped ZnO NW vertical arrays were Slc).

grown on ana-plane sapphire substrate. Figure 1a shows a Carbon has been used to redug®Hinto P vapor during

representative field emission scanning electron microscopythe elemental phosphorus productbraccording to the

(FE-SEM) image of vertical ZnO NW arrays amplane following reaction:

sapphire. Vertical NW arrays covering large areas of the

substrate (4 mmx 6 mm) have been reproducibly ac- P,O; (s) + 5C (s)= 2P (g)+ 5CO (9) (1)

complished. For a growth time of 30 min, the as-grown

ZnO:P NWs show very uniform diameters (between 50 and We believe that, in our experiments, carbon simultaneously

60 nm) and length~2 um) and morphologically smooth  reduces ZnO and Ps into Zn and P vapors, respectively,

surfaces, which are significantly thinner and longer compared which as clusters @Por ZnsP,) are carried to the sapphire

to the unintentionally doped ZnO NWs grown under similar substrate placed downstream;Op will also be present

conditions (Figures 1b, Sla, and S1b). These ZnO:P NWsbecause of its high vapor pressétéBoth Zn,P, and BOs

are slightly tapered at the NW tips. Increasing th®©d4 are possible doparit¥® and are incorporated in ZnO NWs

weight percentage in the source mixture results in sharpduring the growth. The ZaP bond length (2.18 A) is

324 Nano Lett., Vol. 7, No. 2, 2007
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significantly larger than that of the Zr0 bond (1.93 A),
therefore, P atoms introduce lattice strain when they occupy
the substitutional oxygen sites. P atoms tend to sit in the Zn
sites of the lattice and form donorlike antisites, ¥° The
P,,—O bonding has a smaller bonding length (1.68 A) on
thec-axis and similar bonding length (1.60 A) off teeaxis

for the ionized B, donors, and thereforezP defects will
also introduce strain to the ZnO lattice. The strain relaxes
along the radial direction of the one-dimensional nanowires
and the relaxation increases with decreasing dianigfére
smaller diameters of ZnO:P NWs with respect to the
unintentionally doped ZnO NWs and their tapered morphol-
ogy suggest uniform P incorporation into the ZnO NW bodies ——— —
rather than on the surface layers only. 2.0 25 3.0 35 4.0

High-resolution transmission electron microscopy (HR- Energy (eV)
TEM) images show atomically resolved wurzite ZnO single
crystal after annealing, as shown in Figure 1c. The growth
axis is along the001direction, which is confirmed by the
select area electron diffraction (SAED) analysis (Figure 1c
inset). The spacing betweerznO:P planes is 5.035 A and
is significantly smaller than that in intrinsic ZnO NWs
(5.2 A4 and in ZnO thin film (5.207 A}, which indicates
the lattice compression due to the P doping and possibly the
presence of R defects. The ZnO:P NWSs have perfectly
smooth surfaces without any amorphous coating (Figure 1c)
and extremely uniform diameter, which gradually reduces
to about 5 nm at the tip with a tapering length of around
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50 nm (Figure S1). The X-ray diffraction (XRD) pattern f 300K
shows a strong and sharp peak from the (002) plane and ”/\ = lr—
further confirms the high quality of single-crystal ZnO:P 1.5 20 25 3.0 35 40
NWs with the growth axis along the-direction. Energy Energy (eV)

dispersive X-ray microanalysis (EDX) has detected only Zn
and O within the detection limits (Figure S2a), and X-ray
photoelectron spectroscopy (XPS) analysis has shown that
only the ZnO phase is obtained, indicating that the ZnO:P
NWs do not contain secondary phases or clusters and
suggesting atomic level incorporation of the dopant.

The photoluminescence (PL) stdflpf ZnO:P NWs after
annealing in M gas at 850C for 1 min with N, gas flow of
25 slm shows a very strong emission at 3.352 eV with
FWHM of 30 meV at room temperature (Figure 2a), which
is attributed to the band edge emission of ZnO NWs. The
broad, weak red emission centered at 1.8 eV indicates the
absence of oxygen vacancy levels that are responsible for
the typical green emission in ZnO thin film and nanomate- — ' T —
rials! The nature of the red emission from P-doped ZnO 1.5 2.0 2.5 3.0 3.5 4.0
has not been reported in the literature. We anticipate that it Energy (eV)
is due to the radiative recombination of ionized donors and

acceptors (please see discussion in the Supporting Informa—';‘iegpuerﬁ dzéncpé_ gffhcgg Ef;:)‘:c?;gg]?mg é:ﬁyN:r/]i-eg‘l)egezT]%?;aﬁws
tion, Figure S4). The weak red emission is significantly in the temperature range of #300 K. (b) Temperature-dependent

quenched at low temperature and completely disappears ap|_ spectra (16300 K) of as-grown ZnO:P NWs. (c) Temperature-
10 K (Figure 2a), further suggesting that it originates from dependent PL spectra of n-type ZnO NWs from 10 to 300 K.

the ionized dopants. The peaks between 1.67 and 1.69 eV

are believed to be the second-order peaks of the excitonic(Figure 2c). The room-temperature PL of the as-grown
emission (please see the Supporting Information). For ZnO:P NWs shows a strong PL emission at 3.35 eV with
comparison, we have also performed temperature-dependenEWHM of 20 meV and a relatively stronger red emission
PL measurements on the as-grown ZnO:P NWs (before compared to that from annealed ZnO:P NWs (Figure 2a).
annealing) (Figure 2b) and unintentionally doped ZnO NWs Again, no green emission associated/tpwas observed in
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Figure 3. Excitonic peaks of PL spectra at 10K of n-type (green
line), as-grown (red line), and annealed (blue line) ZnO:P NWs.

Figure 4. Temperature dependence of the transition energy of the
FX (blue dots), DX (green triangles), and AX (red diamonds) from
the photoluminescence peaks of the annealed, unintentionally doped,
and as-grown ZnO:P NWs, respectively. The blue line is the

as-grown ZnO:P NWs. On the other hand, the room- corresponding fitting curve derived from the Varshni equation.
temperature PL spectra from ZnO:P NWs are very different
from those of the unintentionally n-doped ZnO NWs, as
shown in Figures 2c and S4a. The PL from n-type ZnO NWs
shows very weak band-edge emission in the UV, but strong
and broad visible emission centered at 2.36 eV, which is
due to oxygen vacanciés.

annealing process (Figure 3) agrees extremely well with the
electrical measurement of ZnO NW back-gate field-effect
transistors (FETS) at room temperatéfézigure 5a shows
the output characteristics at various back-gate voltages,(
and Figure 5b shows the gate sweep characterisiigat

] ) o .15V of a typical ZnO:P NW with global 1+Si back-gate
Low-temperature PL studies reveal fine excitonic emission (Figure 5b inset), which clearly indicates p-type conduction.

from the ZnO NWs and the comparison between the Thg threshold voltage is aboui, = —5 V, as obtained from
unintentionally doped, as-grown ZnO:P, and annealed ZnO:P 4 |inear extrapolation of théss—Ves curve in Figure 5b.

NWs unambiguously indicated the p-doping, as shown in rg fie|d-effect mobility of the p-type ZnO nanowires can
F|gure§ 3,. S4b, and S4d, respectively. At 10 K this strong pe calculated fromuee = gu/(2recol Vog/In(20r)),2%%0where

UV emission from the annealed ZnO:P NWs is structured ¢ s the transconductanceis the relative dielectric constant
into fine bands due to the free exciton peaks..K3.372 of the SiQ dielectric,L is the device channel length, and
eV)'and FX% (3.380 eV), and two neutral acceptor-bpund is the NW radiusgm = dipg/dVes was obtained from the
exmtgns,.,&le (3.357 eV) and AX, (3353 eV), while |/ blot (Figure 5b) to be 0.4S (neglecting the contact
the A%X is the strongeest peak with a FWHM of 2.2 meV agistance), corresponding to an estimated carrier mobility
(blue line in Figure 3% The red line in Figure 3 shows the of ure ~ 1.7 cn?/V+s, which is comparable to the reported

low-temperature PL of the as-grown ZnO:P NWSs, which yeg it for p-type ZnO films with phosphorus dopaht&
shows free exciton levels, RX(3.372 eV) and FX (3.380  pjeage note this value represents the low bound limit of the

eV), and one neutral donor-bound exciton levefXl3.360 516 mopility because no serial contact resistance at the
eV)). The FX is the strongest peak that has @ FWHM of - qtananowire interface was considered. The same holds
4.8 meV. The ZnO:P NWs are significantly different from ;6 for the electron mobility values discussed below for the
the n-doped ZnO NWs, which, as shown by the low- nintentionally doped ZnO NWs and as-grown ZnO:P NWs.

temperature PL (green line in Figure 3), has only neutral g4 5 guasi-one-dimensional system, the hole concentration
donor-bound exciton peaks?X, (3.357 eV), X4 (3.361 p can be estimated as = (Vg/h) x (27ecd/In(20/r)) 293

eV), D%Xa (3.365 eV), and BiXx (3.377 eV). The DiXa wheret is the thickness of the oxide layer anib the radius

Is strongest and has a FWHM of 1.8 meV. of the nanowire. The carrier concentratipiis estimated to
Figure 4 shows the exciton peaks evolution with temper- pe ~2.2 x 107 cm™L. It has been suggested that, under O

ature: the temperature dependence of free excitons (FX, bluerich growth condition€® the formation of [Rn—2Vz]

dots), donor-bound excitons (DX, green triangles), and accep-complexes is more favorable than the formation of Zn
tor-bound excitons (AX, red dlamonds) from the photoluml- vacancies, Y, whosee (1—/0) transition levels act as
nescence peaks of the annealed, unintentionally doped, an@hallow acceptors compared tg Pacceptor® and are
as-grown ZnO:P NWs, respectively. The free exciton level responsible for the excellent conductance and high hole

was found to follow the Varshni formuiaEy(T) = Eq(0) — concentration of P-doped ZnO. The existence of {R2V.]
oT?/(T + B), whereEgy(T) is the band gap energy,is temper-  complexes agrees well with the red emission observed in
ature (K), andx andp are the temperature coefficientsand the PL studies (see discussion in Figure 4S).

B were found to be k 10~*eV/K and 700 K, respectively. The representative room temperature output and transcon-

The clear transition from the donor-bound exciton peak ductance characteristics of single as-grown ZnO:P NW FETs
to acceptor-bound exciton peaks from ZnO:P NWs after the fabricated identically clearly show n-type conductance, and

326 Nano Lett, Vol. 7, No. 2, 2007
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Figure 5. Characteristics of ZnO NW FETSs. (B)s—Vps plots of the ZnO:P NW treated by RTA transistor at different back-gate voltages.
(b) Ins—Ves plot of the annealed ZnO:P NWs transistoigt = 15 V. Inset: SEM image of the measured device. The scale bar is 500 nm.
(c) Ips—Vps plots of the as-grown ZnO:P NW transistor at the different back-gate voltages. Inset: correspgstlivigs plot atVps =

6 V. (d) Ips—Vps plots of the n-type ZnO NW transistor at different back-gate voltages. The correspdpgifigss plot atVps = 15 V

is displayed in the inset.

the estimated electron concentration and mobility arex1.0 In summary, our study describes the first demonstration
10° cm™ and 2.2 crV-s, respectively. According to the of high-quality single-crystal p-type ZnO NWs using P as
above PL study, no oxygen vacancies should be present inthe dopant, with growth axis in th@01crystallographic
ZnO:P NWs, therefore the n-type transport behavior is likely orientation, by a simple CVD method. The NW growth is
to arise from B, antisites, which are donorlike and com- very reproducible and perfectly aligned vertical arrays on
pensate Psubstitutional dopant$:2°0On the other hand, the  ana-sapphire substrate can be routinely achieved on fairly
n-type behavior of unintentionally doped ZnO NWs is clearly large areas. The room-temperature PL study of annealed
related to oxygen vacancies, which is very well-known in ZnO:P NWs reveals a very strong sharp band edge emission
the literature and confirmed by our PL study (Figure 2c) as at 3.35 eV, which is much stronger than that from uninten-
well. Figure 5d shows the transistor characteristics of an tionally doped ZnO NWs. At low temperature, clear emission
n-type ZnO NW, from which we estimated a field-effect from a donor-bound exciton in unintentionally doped ZnO
mobility value of 5.9 cr#V-s and a carrier concentration of NWSs from free- and donor-bound excitons in as-grown
3.7 x 10® cm L. Note that the n-type ZnO NW device has a ZnO:P NWs and from free- and acceptor-bound excitons in
very large on/off ratio of about Ipwhile the on/off ratio of annealed ZnO:P NWs were observed. No green photolumi-
ZnO:P NWs devices with/without annealing are much lower nescence from both as-grown and annealed ZnO:P NWs
(10 and 8, respectively). The p-type conductance from could be detected, indicating the absence of oxygen vacan-
annealed ZnO:P NWs was found to be quite stable andcies. A broad red emission was observed in ZnO:P NWs,
persists for storage in air for more than 2 months before although it was significantly quenched after thermal anneal-
showing n-type behavior. ing. This red emission is effectively quenched at low

Nano Lett., Vol. 7, No. 2, 2007 327
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. (13) Johnson, J. C.; Knutsen, K. P.; Yan, H. Q.; Law, M.; Zhang, Y. F,;
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